A number of cell death pathways have been recognized.
Programmed Cell Death and Its Role in Cancer Therapy
In the past two decades, significant research has uncovered the importance of programmed cell death (PCD). This in an important process in the field of cancer biology because PCD is an essential process by which abundant or undesirable cells can be removed. When such PCD pathways become deregulated or mutated, various diseases such as cancer arise. The first of these cell death pathways to be discovered was apoptosis, found in Caenorhabditis elegans in the 1990s, leading to the discovery and characterization of a homologous pathway in mammalian eukaryotic cells. In fact, a hallmark of many cancers has been an observed resistance to the apoptotic mode of death within tumor cells (1) .
However, a number of nonapoptotic cell death pathways have since been identified, including autophagy, necrosis, senescence, and mitotic catastrophe. Among these, autophagy and necrosis have garnered much attention in the past decade. For this article, we will review apoptosis and autophagy and then examine the benefits of necrosis, a pathway that may yield novel therapeutic approaches when apoptosis and autophagy fail. Furthermore, we will explore the effect of the pervasive anti-apoptotic Bcl-2/xl proteins in the context of nonapoptotic cell death. In particular, our work has involved the investigation of drug-induced radiosensitization to certain death pathways, a therapeutic approach that may be extended to necrosis. By understanding these cell death mechanisms, oncologists will be able to tailor various therapies including radiotherapy and chemotherapy to stimulate different modes of cell death in tumor cells while ensuring minimal death to normal cells.
The First Evidence of Programmed Cell Death: Apoptosis
The observation of similar morphology across dying cells of different tissues led to the realization of a regulated cell death pathway termed apoptosis in the 1970s. These morphological findings usually entail chromatin condensation, nuclear fragmentation, DNA fragmentation, membrane blebbing, and the maintained integrity of organelle structures along with the formation of apoptosomes. In this way, these signs are all characteristic of type 1, or apoptotic cell death. As the most understood of all cell death forms, apoptosis can be defined generally as a pathway involving the sequential proteolytic activation of Cys proteins called caspases, which in turn signal apoptotic machinery, most notably endonucleases.
The specific mechanisms behind apoptosis such as the caspase cascade prove difficult to examine in vivo because many pathways become interrelated or codependent. Multiple signals can regulate one protein or one signal can regulate many proteins. Unfortunately, such redundancy and complexity creates difficulty in examining the function of a Bcl-2 like proteins in vivo, though this complexity probably serves to achieve fine-tuned cellular homeostasis. It has been argued that the complexity of the apoptotic pathway allows for easier interference and thus apoptotic malfunction and drug resistance (2) . This idea would advocate the use of other nonapoptotic death pathways in cancer therapy such as necrosis.
Nonapoptotic Cell Death: Autophagy In addition to apoptosis, nonapoptotic death pathways had been observed for many years at the morphological level but with no mechanistic understanding. One such pathway was called autophagy, whereby double-membrane bound autophagosomes sequester cytoplasmic materials and organelles to be delivered to a lysosome for subsequent degradation. Interestingly, studies showed that when apoptosis was inhibited, cells could turn to the nonapoptotic pathways such as autophagy to facilitate death. Cells undergoing this pathway exhibit type II morphology, characterized by partial chromatin condensation, cell membrane blebbing, and the appearance of autophagosomes (3). Interestingly, the autophagic pathway can promote either cell survival or PCD, depending on the stimuli and environment (4). Autophagy has been observed during periods of stress such as nutrient deprivation, hypoxia, endoplasmic reticulum (ER) stress, inhibition of proteosomal degradation, accumulation of intracellular calcium, hyperthermia, and even pathogenic bacterial invasion as a defense mechanism (5, 6). Indeed, both yeast and mammalian cells require autophagy to maintain cell viability under starvation conditions, such as amino acid deficiency in order to maintain bioenergetics. Studies on tumor cell lines have similarly shown that upregulation of autophagy can increase cell viability in response to certain stress conditions. Therefore, investigating methods to inhibit autophagy in cancer cells could have significant clinical impact by suppressing a cellular survival attempt in response to genotoxic stress.
Necrosis: Breakdown on Cellular Breakdown
The catastrophic nature of necrotic morphology would give an impression of a pathway largely passive and unregulated caused by a massive amount of stress, in stark contrast to the intricately programmed apoptotic pathway. The primary molecular mechanism behind necrosis is believed to be the rapid depolarization of membranes leading to swelling and rupture of the plasma membrane (7). The morphological features of necrosis involve organelle swelling, rapid mitochondrial dysfunction, plasma membrane permeabilization, oxidative stress, and mitochondrial dysfunction (8) . Unlike apoptosis there are no signs of nuclear fragmentation. A number of agents, scenarios, and pathways are linked with necrosis, including certain extracellular mediators, DNA damage, ATP depletion, calcium ion concentrations, reactive oxygen species (ROS), certain protein kinases, Poly (ADP-ribose) polymerase (PARP), the mitochondrion, Bcl-2 proteins, heat shock proteins, proteases, nucleases, and phospholipases (9) .
Programmed necrosis is a form of necrosis induced by Death Receptor (DR) signaling rather than by nonspecific cellular damage (10) . Much focus has been given specifically to programmed necrosis in recent years because of its crosstalks with both apoptosis and autophagy. Programmed necrosis shares the upstream tumor necrosis factor receptor (TNFR) pathway with apoptosis, specifically at the level of death induced signaling complex (DISC) formation. DISC is formed when the Fas/TNF DR, upon ligand binding, trimerizes and associates with its adaptor molecules and pro-apoptotic caspase-8. Adaptor molecules include Fasassociated death domain protein (FADD), TNFR-associated factor 2 (TRAF2), and TNFR-associated death domain protein (TRADD).
Reversion from apoptosis to programmed necrosis has been shown to occur when RIP, a serine/threonine protein kinase receptor-interacting protein, binds to FADD more efficiently than does caspase-8 (11) . RIP kinase domain alone in its full-length dimerized state sufficiently induces kinase-dependent programmed necrotic cell death (12) . The uncleaved RIP protein can only turn on programmed necrosis and not apoptosis, as evidenced when the cleavage-resistant RIP mutants conferred protection against TNF-induced apoptosis (13) . Interestingly, caspase-8 can cleave RIP into two fragments, RIPc and RIPn, and turn off the programmed necrotic pathway. Overexpression of one of the cleavage products, RIPc, increases the TNF-induced apoptosis by promoting the TRADD and FADD interaction; however, its presence is not absolutely required in Fas or TNF-mediated apoptosis (14, 15) . The second cleavage product, RIPn, contains the entire kinase domain of RIP and has been shown to play no role in TNF-induced nuclear factor-κB (NF-kB) activation or TNF-induced apoptosis (13) . In short, the delicate balance between RIP binding to FADD and caspase 8-driven RIP cleavage seems to function as the diverging point between apoptosis and programmed necrosis.
Though the mechanism remains unclear, it is thought that RIP also induces mitochondrial dysfunction by dissociating cyclophilin D from ADP-ATP translocase (ANT) at the permeability transition pore complex (PTPC) thereby causing a membrane permeability transition (MPT), which depletes ATP while increasing ROS concentration (16) . The mitochondrion becomes the central executor of cell death in this model, although necrosis activated MPT differs from the mitochondrial dysfunction mediated by Bax/ Bak in apoptosis (17) . Traditionally, chronic necrosis has been found to usually encourage tumor growth, leading to a poor prognosis. However, recent research indicates possible clinical benefits from the induction of acute necrosis and the subsequent antitumor immune response in certain cancers.
Clinical Implications of Necrosis
One of the main obstacles in treating cancer today is the induction of drug resistance in multiple types of tumors. These multidrug resistant tumors, however, remain susceptible to necrotic death. In this way, necrosis should become a focus of study in determining novel approaches to cancer prevention and treatment.
Necrosis and Immunogenicity
In contrast to necrosis, apoptosis has been regarded as an immune-suppressive cell death mechanism, though apoptotic immune stimulation may occur. Apoptotic silencing of the immune system occurs via signal pathways involving TGF-β and prostaglandin E2, as well as membrane-bound phosphotidylinositol presentation (18) . Pro-apoptotic caspases silence inflammatory programmed necrotic pathways by cleavage of PARP among other immune-stimulating molecules. Conversely, necrosis is characterized by the release of cytokinines, which stimulate fibroblasts, macrophages, and dendritic cells (DCs) of the immune system (19) .
Chronic necrotic inflammation has been attributed to tumor growth, which has led to much research on the inhibition of necrosis. Inflammation in other settings usually carries negative prognostic effects. Studies have found that the inhibition of necrosis by agents such as necrostatin-1 has been beneficial for certain diseases and injuries, such as brain ischemia (10) . Usually, innate immune cells may stimulate inflammation and drive tumor formation in response to cell injury through the chronic release of pro-inflammatory mediators such as TNF-α and interleukin (IL)-6 (20) . However, inflammation in established tumors may trigger a specific antitumor immune response (21), with the immune system serving a protective role against cancer. Unlike apoptotic cells, necrotic cells release maturation signals to DCs after membrane rupture, which can then become antigen-presenting cells (APCs) that may cross present antigens to cytotoxic T-cells (CTLs) and facilitate antitumor memory (22) . Besides its roles as an architectural protein and transcription factor in the nucleus (23), HMGB1 is an important inflammatory adjuvant released by necrotic cells into the extracellular environment that may bind receptor for advanced glycation end product (RAGE) or Toll-like Receptor 4 (TLR4) on macrophages (24, 25) . Conversely, apoptotic cells sequester HMGB1 in the nucleus, inhibiting an immune response. Whereas HMGB1-RAGE binding has been linked to tumor growth and migration (26) , HMGB1-TLR4 binding may facilitate DC maturation, antitumor activity, and memory, as discovered in vivo (27) . In fact, TLR4 binding was found to be critical in establishing the efficacy of radiotherapy and chemotherapy in stimulating CTL maturation (28) . HMGB1 may provide an ideal clinical application in antitumor vaccines for both apoptotic and necrotic death. Interestingly, breast cancer patients with a deviant TLR4 allele exhibited a poor immunogenic anticancer response after therapy, owing to defective HMGB1-TLR4 binding. Though DCs still phagocytized dying tumor cells, the TLR4 defect allowed engulfed cell components to be digested quickly by lysosomes instead of being presented as antigens. In this way, patients with the TLR4 polymorphism could be treated by inhibiting the lysosomal activity with drugs such as chloroquine to allow effective antigen presentation (28) . The TLR4-HMGB1 interaction should be further researched in order to improve clinical therapies to enhance antitumor immunogenicity.
Because RAGE interaction with advanced glycation end products (AGE) usually promotes immunogenic tumor growth, the search for RAGE inhibitors in addition to HMGB1 vaccines may offer clinical rewards. Cytotoxic effects attributed to RAGE inhibition is improbable due to low basal RAGE levels in healthy humans. The pathogenesis of RAGE-AGE binding is believed to be NF-κB activation, which encourages tumor growth, angiogenesis, and proliferation (29) . A novel truncated form of RAGE called endogenous secreted RAGE (sRAGE) has been recently discovered that may actively bind AGE without initiating pathogenesis (30) . In this way, sRAGE may be used as a drug antagonist that competes with RAGE for ligand binding, a phenomenon that may have viable clinical application in tumor suppression.
Two other molecules important in relaying "eat me" signals for dying cancer cells are phosphotidylserine and calreticulin (CRT) when presented on the cell surface. Whereas phosphotidylserine recognition by phagocytes suppresses immune response, as observed in apoptosis (31), CRT recognition spurs the maturation of DCs and macrophages (32) . In fact, CRT may also increase immunogenicity in apoptotic tumor cells in response to radiation and anthracyclines (33) . In this way, CRT regulation should be another target for advancing immunogenicity in dying necrotic or apoptotic cells.
The PARP Pathway and NF-κB The antagonistic machinery between apoptosis and necrosis is evidenced by the mediator, PARP. During apoptosis, initiator and executioner caspases inhibit PARP by proteolytic cleavage. Conversely, in response to DNA damage, PARP will bio-energetically inhibit apoptosis by depleting ATP while inducing necrosis (34) . Because PARP is responsible for genomic stability and repair, PARP inhibitors have been researched for their chemosensitizing potential for increasing DNA damage in cancer cells (35) , thus enhancing apoptotic death in certain tumors. Specifically, we are studying the radiosensitive effects of a novel PARP inhibitor ABT-888, a drug that may provide significant apoptotic tumor suppression with ionizing radiation.
On the other hand, overexpression of PARP may also provide beneficial effects as a method of inducing necrosis rather than apoptosis in resistant cells. Much of the protumor effects of PARP activation arise from its activation of NF-κB as well as from RAGE binding. NF-κB promotes tumor proliferation, invasion, inflammation, angiogenesis, and metastasis, and may be activated by a number of other signals. However, NF-κB inhibition along with PARP overexpression may induce necrosis while reducing protumor activity. Examples of NF-κB inhibitors include the Ikb class of protein kinases, curcumin, BAY11, soy isoflavone genistein, parthnolide, and dehydroxymethylepoxyquinomycin (DHMEQ) (ref. 36 ). In addition, PARP releases pro-inflammatory molecules, such as HMGB1, which may stimulate an antitumor immune response in some settings.
Secondary Autophagy Follows Programmed Necrosis
Frequently the induction of programmed necrosis activates secondary autophagy as a common downstream effect, having only a minor role in cell death but perhaps major role in debris cleanup (10) . However, the mechanism of this downstream signaling has not been defined. One could postulate that activation of RIP1K signaling increases concentrations of ROS, which activates the autophagic pathway in necrotic cells, as evidence of H 2 0 2 was found to directly regulate Atg4 (37) . However, further investigation is needed to test this hypothesis, as this downstream effect may be pleiotropically regulated.
Hypotheses and Clinical Implications of Bcl-2 Inhibition
Ever since its discovery, Bcl-2 has been shown to have far reaching effects across many pathways, aside from its antiapoptotic binding of other members in the Bcl-2 family. Bcl-2 expression has been implicated in other tumor survival pathways via its prometastatic activity (38) , as well as its pro-angiogenic activity as seen in its modulation of vascular endothelial growth factor (VEGF) expression (39) . Bcl-2 has also been implicated in immunosilencing, and it has been shown that Bcl-2 inhibition provokes antitumor response to activated T cells (40) . Furthermore, it has been shown that Bcl-2 could inhibit necrosis as it could apoptosis and autophagy, albeit via different pathways (see Fig. 1 ). Many drug-resistant or apoptotic-resistant cancers such as B-cell lymphoma (11) and small cell lung cancer (41) indicate Bcl-2 overexpression. The attenuation of Bcl-2 may prove favorable in certain clinical settings to enhance alternative modes of cell death, antitumor immune response, and drug efficacy.
Bcl-2, a Common Player in Apoptosis and Autophagy Bcl-2 in Apoptosis. The mitochondrion serves not only as the cell's powerhouse, but also as its executioner. Capable of releasing a plethora of pro-apoptotic proteins, the mitochondrion is a necessary site of extensive regulation in all types of programmed cell death. The Bcl-2 family is an important group of proteins that was first noted to regulate the release of apoptotic proteins from the mitochondria, specifically by altering the permeability of the outer mitochondrial membrane. In this way, the Bcl-2 protein family consists of upstream activators of apoptotic signaling in relation to caspases. The Bcl-2 like family of proteins can be divided into three groups, an anti-apoptotic Bcl-2 group, a pro-apoptotic BH3 domain-only group, and the Bax and Bak adapter proteins. The pro-apoptotic BH3-only proteins activate Bax and Bak, which are essential downstream initiators of apoptosis located in the mitochondrial outer membrane. Examples of BH-3 only proteins include Bim, Puma, and Bid. In particular, Bid has been shown to be activated by caspase-8 and associate with Bax to induce channel formation, cytochrome c translocation, or membrane instability. The anti-apoptotic group is composed of proteins such as Bcl-2, Bcl-XL, and Mcl-1, which mostly inhibit apoptosis by sequestering BH3-only proteins, thus disallowing their activation of the Bax/Bak proteins. In recent years studies have revealed these proteins, specifically Bcl-2, to be the mediator of not only apoptosis, but also autophagy and programmed necrosis (Fig. 1) .
Bcl-2 in Autophagy. Bcl-2 is an attractive target for modulating different modes of cell death in cancer therapy because it affects mediators of apoptosis, programmed necrosis, and autophagy (Fig. 2) . The Bcl-2 family of proteins functions to inhibit autophagy, a pathway well known to confer genomic stability and tumor suppression. Overexpression of Bcl-2 can thereby serve dual purposes of inhibiting apoptosis and autophagy (Fig. 2) . The proautophagic protein Beclin 1 is well known for its constitutive interaction with Bcl-2, which binds to the BH3 domain of Beclin 1 and prevents its activation. This is evidenced when the addition of ABT-737, a BH3-mimetic compound able to bind Bcl-2, sufficiently induces autophagy. Various autophagic inducers including nutrient starvation also triggers the dissociation of Beclin 1 from Bcl-2 (42-44).
Interestingly, Beclin 1 and pro-apoptotic proteins Bak, Bad, and Bim share the same BH3 domain needed for their structural fit into the BH3-binding groove of Bcl-2. This suggests that the extent to which either becomes competitively displaced from Bcl-2 determines the delicate balance between apoptosis and autophagy. In fact, enforced overexpression of the BH3 protein Bad alone initiated autophagic signaling with or without caspase inhibition (43) . However, Beclin 1 dissociation can occur independently of the competition with BH3-domain proteins. The phosphorylation of Bcl-2 by the stress-activated c-Jun N-terminal protein kinase 1 (JNK1) also relieves Beclin 1 from its functional inhibition (45) . Alternatively, the competitive displacement of Beclin 1 by pro-apoptotic proteins may not be of significance at all in turning on autophagy, for only the ER-targeted but not the mitochondrion-targeted Bcl-2 has been shown to suppress autophagy (4, 42) . In such case, Beclin 1: Bcl-2 complex located in the ER would not be exposed to a concentrated pool of mitochondrial pro-apoptotic proteins.
Of note, emerging evidences reveal that the point of crosstalk between apoptosis and autophagy may not be limited to Bcl-2. A recent study found that the pro-autophagic protein Atg5 interacts with FADD and possibly caspase-8 so as to link IFN-γ activated death to both autophagy and apoptosis (46) . Further research will undoubtedly reveal multiple communicators between the two cell death pathways, all of which can serve as potential targets in cancer therapy.
Bcl-2 in Antitumor Immunity and Inflammation. Inflammation may provide beneficial clinical effects in promoting an immunogenic antitumor response in certain settings. As VEGF is known to inhibit the maturation of DCs (47), Bcl-2 may act to inhibit the innate antitumor immune response by promoting VEGF production (48) . In this way, downregulation of VEGF by Bcl-2 inhibition may increase antitumor immunity during necrosis.
Another pathway whereby Bcl-2 modulates inflammatory activity involves a novel protein related to the NOD family, NALP1 (also called DEFCAP, NAC), which helps form the inflammasome complex by binding ASC, caspase-1, and caspase-5 (49). In turn caspase-1 cleaves intracellular pro-IL-1β into Il-1β, an important "alarm cytokine," which is then secreted in the extracellular space triggering inflammation (50) . Thus, regulation of NALP1 may be a potential target for inflammatory cancer therapy. Interestingly, a recent study linked Bcl-2 and Bcl-xL to dysregulation of the inflammatory response by the binding of Bcl-2 to NALP1, preventing caspase-1 activation (51). Thus, Bcl-2/xL inhibition may provide benefits, as inflammation may be clinically useful during programmed necrotic activation in order to generate antitumor immunity, especially in response to chemotherapy or radiotherapy (28) . NALP1 is expressed across many tissues in the body (52) , which may present many opportunities for clinical intervention. In particular, myeloid leukemia and lymphoma may have the greatest clinical potential because myeloid and lymphoid cells were found to have the most elevated NALP1 expression (53) . Furthermore Bcl-2/xL are known to be overexpressed in leukemia cells (54) , which may cause Bcl-2/xL inhibition to have a dramatic response in leukemic cells during necrosis. This hypothesis linking Bcl-2 inhibition and NALP1 mediated inflammation to improve programmed necrotic antitumor response will have to be investigated in future studies.
Another inflammatory mediator previously mentioned was NF-κB, which has been linked to protumor activity in chronic inflammation as well as pro-angiogenic activity (55) . It has been found that the downregulation of Bcl-2 attenuates NF-κB activation because Bcl-2-mediated degradation cytoplasmic inhibitor IκB-α is essential for NF-κB activation (56) . Indeed, the selective dysreglation of NF-κB would ensure the specific antitumor effects of inflammation while limiting its protumor effects.
Bcl-2 and Calreticulin. Bcl-2 overexpression has been shown to downregulate CRT and decrease intracellular [Ca 2+ ], an apoptotic signal (57) . CRT-mediated ER Ca 2+ release and high intracellular [Ca 2 ] have been implicated in the programmed necrotic pathway in C. Elegans (58) . Thus, in apoptosis-resistant cells, it would be beneficial to upregulate CRT in order to maintain high [Ca 2 ] to induce necrotic death. Apart from its role in regulating Ca 2+ levels, CRT is a well-characterized surface marker signaling for immunogenic phagocytosis by DCs and macrophages. This dual role of CRT makes it a potent target for clinical therapy for enhancing immunogenicity and programmed necrosis. In this manner, the inhibition of Bcl-2 could favor the upregulation of CRT and help induce necrosis.
Bcl-2 and the Mitochondrial Permeability Transition. The MPT is the primary mechanism by which programmed necrotic death occurs by increasing ROS concentration and rupturing the mitochondrial membrane. Bcl-2 and Bcl-xL may directly inhibit the MPT in a manner different from the apoptotic pathway (3), because these proteins are capable of blocking the voltage-dependent anion channel (VDAC). Indeed, Bcl-2/xL is known to affect the PTPC in a cytochrome-C independent fashion (59) . If this is the case, Bcl-2 inhibition would favor the induction of necrosis by ensuring the rupture of the mitochondrial membrane, leading to the depletion of ATP and the release of ROS into the cell.
Shikonin. A natural drug discovered in the roots of Lithospermum erythrorhizon has been shown to directly induce necrosis regardless of Bcl-2 and Bcl-xL levels. Furthermore, necrosis occurred independently of Fas/TNFR or P-glycoproteins, both of which contribute to drug resistance in tumor cells (60) . In this way, shikonin may circumvent resistance to drugs such as Bcl-2 inhibitors. Interestingly, shikonin has also been found to downregulate Bcl-2 and Bcl-xL levels (61) . This finding could have true clinical impact, because shikonin may be able to inhibit Bcl-2/xL levels while inducing necrosis during Bcl-2/xL overexpression. Thus, shikonin stands out as a strong candidate for the suppression of resistant cancer cells.
Approaches for Bcl-2 Inhibition
The connections between the downregulation of Bcl-2 and the tumor suppression warrant research into novel methods of inhibiting Bcl-2. A number of Bcl-2 inhibitors as well as other methods have been discovered in recent years, including small-molecule inhibitors, post-translational modification, and post-transcriptional modification, in which the latter includes siRNA gene silencing, Bcl-2 ribozymes, and antisense (AS) oligonucleotides.
Small-Molecule Bcl-2 Inhibitors. Research into Bcl-2 small-molecule inhibitors began soon after the realization of its anti-apoptotic activity. The first small-molecule inhibitors were discovered via structure-based computer screening for binding site similarities to pro-apoptotic elements such as Bak. A BH3 mimetic ABT-737 is a novel antagonist Bcl-2/xL inhibitor that has shown high antitumor efficacy as well as synergistic effects in conjunction with radiation and chemotherapy with reduced cytotoxicity (62) . Other small-molecule inhibitors discussed in literature include WL-276, which inhibited drug-resistant prostate cancer as a BH3 mimetic (63) , and TW-37, which attenuated expression of NF-κB and its downstream metastatic effectors such as VEGF, COX-2, and survivin, effectively inhibiting pancreatic tumor growth in vitro (64) . Some small-molecule inhibitors of Bcl-2, such as ABT-737, have been successfully shown to sensitize cancer cells to antitumor immune response in apoptotic cells (40) , and this effect should be thoroughly investigated in necrotic cells, as the immune response may be synergistically higher.
Yet another novel small-molecule Bcl-2 inhibitor is (-)-Gossypol (AT-101) (ref. 65 ). (-)-Gossypol was found to effectively improve antitumor activity in radioresistant prostate cancer (66) , breast cancer (67) , and many other cancers. Recently, a derivative of gossypol termed apogossypol (NSC736630) was found to exhibit much less human hepatotoxicity and gastrointestinal toxicity than its parent compound, while displaying higher in vivo antitumor activity and better pharmacokinetics, probably because of the lack of a reactive aldehyde group (68) . In this way, apogossypol may provide significant clinical impact in bcl-2 inhibition along with necrosis.
Post-transcriptional Bcl-2 Inhibitors. A post-transcriptional method that may be used to abrogate Bcl-2 expression involves ribozymes, catalytic RNA molecules that can cleave cellular RNA. Hypothesized as early pre-evolutionary enzymes, ribozymes may be synthesized artificially to target specific mRNA and inhibit protein synthesis (69) . In this way, ribozymes have been used to cleave Bcl-2 and significantly increase apoptotic death in prostate cancer and lymphoma among others (70, 71) . Ribozyme activation during programmed necrosis should be investigated as well.
Another post-transcriptional method, AS oligonucleotides bind complimentary mRNA transcripts, which inhibits translation (72) . AS Bcl-2 (G3139) binds the first six codons of Bcl-2 mRNA, which upregulates apoptosis and has been found to be an effective chemotherapeutic enhancer in various cancers (48, 73) . Interestingly, G3139 has also been shown to carry immunogenic effects not attributed to its AS properties but to its two CpG-motifs on the oligodeoxynucleotide (ODN) that bind Toll-Like Receptor 9 (TLR9) on DCs and B cells, stimulating the release of inflammatory cytokines, chemokines, and interferons (74) . Research should be conducted in applying AS Bcl-2 inhibition to resistant cells in conjunction with ATP-depleted conditions or other programmed necrotic stimuli, and whether CpG-TLR9 mediated immunogenicity may be synergistically upregulated during programmed necrosis to provoke an efficacious antitumor response.
In addition, siRNA is a powerful post-transcriptional tool that may be used to knock down Bcl-2 expression by RNA interference (RNAi) (ref. 75) . Research into novel drug delivery vectors such as water-soluble lipopolymers (76), adenoviruses (74) , and, even more recently, nanoparticles such as semiconducting quantum dots and proton sponges (77), could yield dramatic clinical benefits for siRNA-based cancer therapy in the future, including the inhibition of Bcl-2.
Post-translational Methods of Inhibition. The ubiquitindependent proteosomal degradation of Bcl-2 may occur after dephosphorylation of Bcl-2 residues, such as Ser87 and Thr74 (78) . Several proteins found responsible for phosphorylating Bcl-2 and maintaining its stability include PKA, PKC, and MAP kinases such as ERK2, all of which could be targets of clinical inhibition by dephosphorylation (79) , which would subsequently lead to Bcl-2 dephosphorylation and inactivation. However, conflicting evidence has shown Bcl-2 dephosphorylation to increase resistance to apoptotic cell death, a variable that seems to depend on the cell type (80) . In any case, investigation into post-translational Bcl-2 modifications should continue and could apply to the stimulation of programmed necrotic death in tumor cells.
Conclusions
In examining the various cell death pathways, we identified the importance of necrosis as an alternative focus for cancer suppression. Whereas necrosis and inflammation was traditionally believed to be negative, further research has erased this simplistic view. In certain settings, programmed necrosis or programmed necrosis may occur and be more effective in cells, such as those resistant to apoptosis. Furthermore, acute inflammation responses may trigger antitumor immunity via antigen presentation. In analyzing these ideas, the inhibition of Bcl-2 by various methods and drugs, such as gossypol, shikonin, AS oligonucleotides, and others, may enhance the efficacy of necrotic death via upregulating the immune response. Although Bcl-2 inhibitors had been researched first for upregulating apoptosis and autophagy in cancer cells, they may hold great promise in clinical programmed necrotic cancer therapy.
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